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Summary
Real-space refinement has been previously intro-
duced as a flexible fitting method to interpret me-
dium-resolution cryo-EM density maps in terms of
atomic structures. In this way, conformational changes
related to functional processes can be analyzed on
the molecular level. In the application of the tech-
nique to the ribosome, quasiatomic models have
been derived that have advanced our understanding
of translocation. In this article, the choice of parame-
ters for the fitting procedure is discussed. The quality
of the fitting depends critically on the number of rigid
pieces into which the model is divided. Suitable qual-
ity indicators are crosscorrelation, R factor, and den-
sity residual, all of which can also be locally applied.
The example of the ribosome may provide some
guidelines for general applications of real-space re-
finement to flexible fitting problems.
Introduction
Ribosomes are large ribonucleoprotein particles consti-
tuted by 3–4 ribonucleic acid molecules (rRNA) contain-
ing thousands of nucleotides and 50–80 ribosomal pro-
teins. Although their size varies in different organisms,
ribosomes conduct mRNA-directed synthesis of pro-
teins following the same principle in every cell. As dy-
namic molecular machines of high complexity, ribo-
somes undergo many conformational changes during
the translation process due to thermal motions as well
as dynamic interactions with functional ligands partici-
pating in translation. These include messenger RNA
(mRNA), transfer RNA (tRNA), and many translational
factors (Ramakrishnan, 2002; Spirin, 2002).
A comprehensive understanding of the biological
mechanism of the translation requires the structures of
all ribosomal complexes to be known that represent the
different functional states. However, to date, only a few
ribosomal structures from eubacteria and archaebacte-
ria have been solved by X-ray crystallography at atomic
resolution (Ban et al., 2000; Wimberly et al., 2000;
Schluenzen et al., 2000; Ogle et al., 2001; Harms et al.,
2001). In addition, due to the effect of crystal packing
as well as the limitation of particular “recipes” for crys-*Correspondence: joachim@wadsworth.org
3Lab address: http://www.hhmi.org/research/investigators/frank_
bio.html.tallization, the acquired atomic ribosomal structures are
rarely related to a physiological and functional state.
Alternatively, to shed light on the dynamic pathway of
translation, cryo-EM offers unique opportunities be-
cause of the capability of this technique, when com-
bined with 3D reconstruction, to directly visualize ribo-
somal complexes in defined functional states. With the
aid of rapid plunging and freezing techniques, ribo-
somal complexes can be preserved as a cryo-EM sam-
ple. Following the data collection in the transmission
electron microscope of tens of thousands of projec-
tions showing the ribosome in random orientations, a
3D density map of the ribosomal complex can be gen-
erated using the single-particle reconstruction method
(Frank, 1996).
To date, the study of ribosomal complexes by cryo-
EM has covered all four steps of translation: initiation,
elongation, termination, and recycling, and has resulted
in key discoveries regarding the mechanisms of decod-
ing (Valle et al., 2003a; Frank et al., 2005) and EF-G-
mediated translocation (Agrawal et al., 1998; Frank and
Agrawal, 2000; Valle et al., 2003b). However, despite
significant improvements in resolution, cryo-EM-derived
ribosomal density maps still linger in the range of me-
dium spatial resolution (w8 Å at best), which means
that the atomic details of the molecular interactions be-
tween ligand molecules (EF-G, EF-Tu, tRNA, RF1, RF2,
etc.) and the ribosome are still beyond reach. Toward a
better understanding of the molecular mechanism of
translation, there is a need to expand the structural in-
formation of the ribosome by combining the available
information derived from different sources and at dif-
ferent resolutions. Our aim is to build quasiatomic mod-
els of ribosomal complexes, in various functional
states, that best explain the observed EM density maps
while obeying the molecular mechanical laws govern-
ing atomic interactions. The resulting “snapshots” of
the dynamic structure will be of immense heuristic
value, and they may also be useful in inferring dynamic
behavior between successive snapshots through
steered (or targeted) molecular dynamic simulations
(Schlitter et al., 1994; Isralewitz et al., 2001).
In this paper, to this end, we will discuss a flexible
fitting procedure using a method of real-space refine-
ment that allows an atomic model obtained by X-ray
crystallography to be “molded” into an EM density
map. The method explored here and in previous work
(Gao et al., 2003) has obvious potential in general appli-
cations of cryo-EM to study the functional dynamics of
macromolecular assemblies.
The Real-Space Refinement Program
The program we chose for docking a static ribosomal
atomic model into EM density maps in different func-
tional and conformational states is the RsRef module
(Chapman, 1995) implemented within the TNT program
(Tronrud et al., 1987), a molecular refinement package
in which the structural variables in the model are re-
fined during the minimization of a target function as-
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402sessing the deviations between all the experimental o
2observations and the model. In RsRef/TNT, the target
2function to be minimized includes two weighted residu-
rals. One is the deviation between the experimental EM
fdensity and the density calculated from the model co-
tordinates implemented in the RsRef module. In the cal-
rculation of the density map from the model coordi-
dnates, resolution-truncated electron atomic scattering
wfactors were used, with the truncation set according to
sthe resolution of the EM density map. In addition, two
refinable linear scaling parameters were used for di-
pmensional calibration between the model and the ex-
nperimental EM density map.
RThe other deviation reflects the discrepancy between
tthe ideal stereochemical geometry and that realized in
ithe model, in terms of bond lengths, bond angles, tor-
msion angles, trigonal planarity, general planarity, and
rvan der Waals contacts between nonbonded atoms, as
timplemented in the GEOMETRY module of TNT. In ap-
pplications to the ribosome, structural fragments were
dfitted as rigid pieces with unchanged bonded stereo-
tchemistry, so it was only the nonbonded van der Waals
arestraints that were important. During the real-space re-
nfinement, a steepest-descent, least-square minimi-
tzation of the above target function was carried out in
ncycles so that the model coordinates could be simulta-
rneously refined against both the geometry and the ex-
operimental EM density maps. The calculation of the
ashift vectors in each cycle with respect to the model
Acoordinates was performed by TNT's other module,
pSHIFT, using combined derivatives of the target func-
tion from the RsRef and GEOMETRY modules.
dOn account of the medium resolution of the EM den-
isity maps, the fitting of the static atomic model into the
sEM density map could not be refined to every atomic
oposition. Instead, rigid pieces of the atomic structure
twere suitably defined by the investigators, and a mod-
derate rigid-body refinement was applied by assuming
cthe integrity of each rigid unit based on the secondary
land tertiary structures of the rRNAs and ribosomal pro-
oteins. Assignment of rigid pieces and their boundaries
sin the rRNA was based on secondary structure, and all
tthe necessary cuts were only made in single-stranded
oregions so that the integrity of the helical structure was
gkept. For proteins, rigid pieces were assigned accord-
bing to their tertiary structures, and cuts were generally
cmade in the flexible interdomain regions. Thus, the
d
static atomic model was divided into a certain number
d
of rigid pieces, based on the presumed stability in
t
rRNAs and proteins, and molded into the EM density s
maps by rigid rotations and translations of predefined e
rigid pieces, while the violations of the stereochemical
constraints over the entire structure were kept under o
control. s
s
Applications in Docking the Ribosomal f
EM Density Maps A
To begin with the real-space refinement for docking the w
EM ribosomal density maps in different functional t
states, a starting model needs to be built from the avail- E
able atomic structural information in two steps. (1) Ho- u
mology modeling: In contrast to the experimental ribo- t
somal EM density maps, which were all obtained for n
E. coli, the available all-atom atomic structures are fromther species (archean H. marismortui [Ban et al.,
000], and eubacterial T. thermophilus [Ogle et al.,
001] and D. radioduarans [Harms et al., 2001]). Thus,
RNAs and ribosomal proteins from E. coli need to be
irst modeled based on the selected crystal structure
emplates. (2) Manual docking: In the second step, the
RNAs and ribosomal proteins of E. coli are manually
ocked into the EM density maps, each as a rigid body,
ith their initial positions adopted from the crystal
tructures (Gao et al., 2003).
After setup of the starting model, its division into rigid
ieces follows a progressive strategy. At first, a small
umber of rigid pieces are used, encompassing entire
NA domains and proteins. The model in this initial par-
ition is subjected to the real-space refinement, which
s performed in cycles until the target function is mini-
ized to convergence. Then, to prepare for the next
ound of the refinement, the large rigid pieces are fur-
her divided into several smaller ones, but only in those
laces where the model structure fits poorly into the
ensity map or where substantial stereochemical viola-
ions occur, based on direct visual inspection as well
s quantified fitting statistics. The model based on the
ewly assigned set of rigid pieces is again subjected
o real-space refinement. This stepwise increase in the
umber of rigid pieces and the follow-up refinement are
epeated until either a satisfactory fitting is achieved
r the number of pieces is judged to be the maximum
ppropriate for the resolution and size of the structure.
flow chart describing the real-space refinement fitting
rocedure is shown in Figure 1.
The quality of the fit of the model against the EM
ensity map is assessed by three indicators calculated
n the RsRef module: crosscorrelation coefficient, real-
pace R factor, and least-squares residual. In the fitting
f the 70S ribosomal complex obtained by cryo-EM,
he overall correlation coefficient can reach 0.7 for a
ensity map at intermediate resolution (10–12 Å). In the
ase of docking the atomic model into the initiation-
ike ribosomal complex using three different divisions
f rigid pieces (48, 56, and 165 pieces, respectively), a
ignificant improvement of the fitting of the model into
he density map was achieved along with the increase
f the number of rigid pieces (see Figure 2). Apart from
iving an overall assessment of the correspondence
etween the fitted model and the EM density map, the
rosscorrelation coefficient, real-space R factor, and
ensity residual can also be calculated for the indivi-
ual rRNA component and ribosomal protein in the par-
itioned structure. This calculation of the local fitting
tatistics is very useful in assessing the quality of fit in
ach local region.
To test the sensitivity of the fitting indicators in terms
f the local structure, we took the coordinate of a ribo-
omal protein S6 fitted into the EF-G•GTP bound ribo-
omal complex (Gao et al., 2003) and applied three dif-
erent shifts to it, namely, 1 Å, 2 Å, and 3 Å, respectively.
ll three indicators were able to detect this shift
ithin 1 Å, as listed in Figure 3A. Interestingly, in the
wo ribosomal complexes (initiation-like complex and
F-G•GTP bound complex) that were previously fitted
sing the real-space refinement, the local crosscorrela-
ion coefficients between the fitted structural compo-
ent and the EM density map indicate a higher value,on average, for rRNA than those observed for ribo-
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403Figure 1. Flow Chart of the Real-Space Re-
finement Procedure
In step one, a static atomic model (A) is man-
ually fitted into the EM density map (contour
map shaded in gray), so that a starting
model is built (B). In step two, a small set of
rigid pieces is assigned in the model (C) and
fitted into the EM density map using real-
space refinement. The resulting structure (D)
is examined based on the fitting statistics as
well as visual inspection. To prepare for the
next round of real-space refinement, a fur-
ther division is performed in the poorly fitted
regions, resulting in a new, larger set of rigid
pieces. This progressive division of the rigid
pieces and the follow-up refinement are re-
peated until a satisfactory fitting is achieved
(F) based on a fine division into rigid pieces
(E). In the end, a separate energy minimiza-
tion is carried out to optimize the fitted
model structure. The rigid pieces assigned
in the model are shown in various colors.averages, the lower crosscorrelation coefficients of the To avoid overfitting introduced by assignment of an
Figure 2. Characterization of the Fitting Quality of Real-Space Refinement by Three Fitting Indicators, as a Function of the Number of Rigid
Pieces Used
The atomic model was docked into an 11.5 Å density map of the initiation-like ribosomal complex (Gabashvili et al., 2000). The model using
48 rigid pieces consisted of 3 rRNAs (16S rRNA, 23S rRNA, and 5S rRNA), 19 small-subunit proteins, 25 large-subunit proteins, and the P site
tRNA. In the model using 56 rigid pieces, 4 were assigned for 16S rRNA and 6 for 23S rRNA based on their domain divisions according to
the secondary structure. The ribosomal proteins and P site tRNA were assigned as in the 48 piece model. The model using 165 rigidsomal proteins (Gao et al., 2003). In view of the fact
that the EM density maps are the results of ensemblepieces was as described in the previous work (Gao et al., 2003), in wh
ribosomal proteins.ribosomal proteins can be seen as an indication of their
higher structural flexibility compared with rRNA.ich additional, finer divisions were employed in both rRNAs and
Structure
404Figure 3. Local Fitting Assessment of Protein
S6 in an EF-G•GTP Bound Ribosomal Com-
plex (Shown as Density Contour)
The protein S6 was fitted as a single rigid
piece in the real-space refinement, and three
shift transformations (1 Å, 2 Å, and 3 Å) were
applied to the fitted S6 coordinates af-
terwards. Both the three fitting indicators (A)
and the visual examination (B; fitted S6 in
green and its 1 Å shift transformation in blue)
indicate that the real-space refinement re-
sulted in a good local fit.excessive number of rigid pieces, an objective criterion l
ineeds to be developed for matching the number of de-
grees of freedom of the density map with the total s
cnumber and size of rigid units. Currently, in the case of
fitting of the ribosomal density maps, over 160 rigid e
sunits were used for both rRNAs and ribosomal proteins,
with each rigid unit having the size of 20 Å and larger. t
tThis multiple rigid-body fitting has resulted in a good
fit for EM density maps at 10–12 Å resolution. In con- f
ttrast, when the same set of rigid units was used with a
lower-resolution (15 Å) ribosomal EM density map (data i
tnot shown), the structural geometry evidently collapsed
in some local regions, probably due to the insufficiency g
Fof the experimental observations to provide the neces-
sary restraints. Further investigations on optimizing the c
Kweighting between density and stereochemical terms,
as well as additional experimental restraints, may be N
rconsidered to overcome these problems and to maxi-
mize the number of rigid units. g
TFigure 4 shows an example for the application of real-
space refinement (J. Sengupta, H.G., M. Valle, A. Zavia- density map, as judged visually (Figure 4B) and by
Figure 4. Fitting of an Experimentally Ob-
served Deformed tRNA in the A/T Site
(A) The tRNA was divided into three rigid
pieces, namely, the regions of (1) anticodon
arm, (2) T loop and D loop, and (3) acceptor
arm (colored in blue, cyan, and green,
respectively), and subjected to real-space
refinement along with the entire ribosome
structure.
(B) The fitted tRNA structure (ribbons in red)
has a crosscorrelation coefficient of 0.76 and
proved to be comparable to the previous ex-
pert-modeled structure (ribbons in yellow).
The EM density of the tRNA is shown by the
semitransparent contour in gray. The dashed
line indicates the region where the major
conformational change of the tRNA occurs.ov, M. Ehrenberg, and J.F., unpublished data) in the
nterpretation of a 10.3 Å EM density map of the ribo-
ome bound with the aa-tRNA•EF-Tu•GDP ternary
omplex and stalled by the antibiotic kirromycin (Valle
t al., 2003a). The most interesting feature in this ribo-
omal complex is the large conformational change in
he anticodon stem of the A/T-site tRNA, essential for
he anticodon-codon recognition process. This de-
ormed tRNA structure was previously modeled by
aking the crystal structure of tRNA (Phe) and introduc-
ng a smooth twist/kink over a four base pair stretch at
he junction of the anticodon and D stems under the
uidance of the EM density map (Valle et al., 2003a).
or remodeling by real-space refinement, the tRNA
rystal structure (PDB entry 1OB2, R.C. Nielsen, O.
ristensen, M. Kjeldgaard, S. Thirup, J. Nyborg, and P.
issen, personal communication) was cut into three
igid pieces: anticodon-arm region, acceptor-arm re-
ion, and the region encompassing D loop and T loop.
he resulting tRNA model shows a good fit with the
Molding Atomic Structure into Cryo-EM Density Map
405the goodness-of-fit indicators (crosscorrelation coeffi-
cient = 0.76), and is comparable (within 2 Å rmsd) with
the expert-modeled structure.
Discussion
In the study of the structure and function of macromol-
ecules, the “hybrid” strategy of combining all the avail-
able structural data derived from various sources has
been increasingly utilized and proven quite successful.
Apart from the real-space refinement, a variety of flexi-
ble docking programs performed in real space have
been developed to facilitate the interpretation of the
lower-resolution EM density maps (Wriggers et al.,
1999; Volkmann and Hanein, 1999; Rossmann, 2000;
Roseman, 2000). In contrast to the applications in Fou-
rier space, the advantages of molding the atomic model
into EM density maps in real space are evident in sev-
eral aspects: (1) It is straightforward, since the atomic
structure used as a starting model and EM density
maps used as major experimental observations are
both represented in real space. (2) It offers easy access
to the 3D visualization programs such as “O” (Jones et
al., 1991), which are frequently called upon for a visual
inspection of the fitting results during the docking pro-
cess. (3) Most importantly, the target function calcu-
lated in real-space refinement is defined on the basis
of local structural information, which means that in the
case of components absent in the atomic model or re-
gions in the experimental EM density map that are
poorly defined, the target function only takes effect in
the localized region, without interfering with the fit of
the rest of the structure.
Among the techniques of fitting, the real-space re-
finement stands out in that it readily allows the flexible
fitting of a large complex with multiple structural com-
ponents based on local density correlation, and, to a
certain extent, the simultaneous optimization of molec-
ular geometry. In the application of multiple rigid units,
the restraint on van der Waals contacts between non-
bonded atoms minimizes the steric clashes between
different rigid units, while the restraints due to bonding
interactions are limited, as they are all fixed within each
rigid unit, and any change is only allowed at the bound-
ary regions between different rigid units. Thus, in the
model generated by real-space refinement, a certain
amount of unresolved poor geometry is retained,
mostly at the boundary regions of rigid units, and a sep-
arate energy minimization is generally required to opti-
mize the model structure in the end. Recently, a newer
generation of the real-space refinement has been im-
plemented in the CNS refinement package (Brunger et
al., 1998), which allows the calculated molecular me-
chanical potential energy to be minimized at the same
time that the fit is improved (Korostelev et al., 2002;
Chen et al., 2003).
In applying real-space refinement for interpreting EM
density maps of a macromolecule, one has to keep in
mind that as a local structural refinement tool, it re-
quires a reasonable initial model to start, including the
connectivity setting of the structural components as
well as their initial positions. Once the starting model is
built properly, the real-space refinement is well suitedfor generating an atomic structure that gives a plausible
interpretation of an experimental density map. In the
application to the ribosome, we were able to use a sin-
gle starting model to fit the ribosomal structure in dif-
ferent functional states separated by large conforma-
tional changes (over 10 Å deviation in the positions of
rRNA helices and individual ribosomal proteins; see
Gao et al., 2003).
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